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AMPHOTERIC STEROLS AND THE USE
THEREOFK

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a national stage of PCT/EP02/018778

filed Feb. 21, 2002. Priority 1s claimed from German Patent
Application Number 101 09 898.7 filed Feb. 21, 2001.

FIELD OF THE INVENTION

The mvention relates to amphoteric compounds based on a
sterol skeleton, the 3-position of the ring system being sub-
stituted by one or more amphoteric groups with an 1soelectric
point of between 4 and 9, and to liposomes containing such
compounds.

BACKGROUND OF THE INVENTION

The term “lipids” summarizes three classes of natural
materials which can be 1solated from biological membranes:
phospholipids, sphingolipids, and cholesterol, including its
derivatives.

These substances are of technical interest 1n the production
of liposomes. Inter alia, such liposomes can be used as con-
tainers for active substances in pharmaceutical preparations.
In such uses, efficient and stable packaging of the cargo and
controllable release of the contents are desirable. Both of
these requirements are not easy to combine: the more stable
and compact the packaging, the more difficult the release of
the entrapped active substance therefrom. For this reason,
liposomes changing their properties in response to an external
stimulus have been developed. Thermosensitive and pH-sen-
sitive liposomes are well-known. The pH-sensitive liposomes
are ol special interest, because this parameter undergoes
changes even under physiological conditions, e.g. during
endocytotic reception of a liposome 1n a cell, or during pas-
sage ol the gastrointestinal tract. According to the prior art,
pH-sensitive liposomes particularly comprise cholesterol
hemisuccinate (CHEMS).

Cholesterol hemisuccinate, 1n mixture with phosphatidyl
cthanolamine, 1s used to produce pH-sensitive liposomes (Ta-
chibana et al. (1998); BBRC 251, 538-544, U.S. Pat. No.
4,891,208). Such liposomes can enter cells by endocytosis
and are capable of transporting cargo molecules nto the
interior of cells on this route, without doing damage to the
integrity of the cellular membrane.

One substantial drawback of CHEMS 1s its anionic char-
acter. Liposomes produced using same have a negative over-
all charge, being taken up by cells with low efficiency. Despite
the transfer mechanism described above, they are barely suit-
able for the transport ol macromolecules 1nto cells.

In WO 00/594774, the prior art describes compounds having
a membrane anchor and a cationic and anionic head group,
the aniomic group being linked to the basic structure via a
disulfide bridge. The disulfide bridge can be reduced under
physiological conditions, e.g. by contact with the cytosol, the
anionic head group then 1s liberated, and the overall molecule
assumes a positive charge, thereby enabling fusion with the
cell membrane. The toxicity profile and storage stability of
the compounds disclosed in WO 00/59474 are disadvanta-
geous, because cleavage of the disulfide bridges results in free
cationic lipids. Disadvantageously, these compounds are
known to have a cytotoxic effect.

For the transport of active substances into cells (transfec-
tion), the art uses cationic liposomes having a preferably high
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and constant surface charge. The positive overall charge of
such particles leads to electrostatic adherence to cells and
subsequently to efficient transport into same. The use of these
compounds and of liposomes produced using same remains
restricted to 1n vitro or ex vivo applications, because such
positively charged liposomes result in uncontrolled formation
ol aggregates with serum components.

SUMMARY OF THE INVENTION

The object was therefore to produce new compounds,

1) by means of which active substances can be entrapped 1n
liposomes and released therefrom when changing the pH
value;

11) the presence of which aids to achieve the production of

amphoteric liposomes which can be mixed with serum
under physiological conditions, with no aggregation taking

place; and
111) by means of which liposomes capable of transporting an

entrapped active substance into the interior of cells can be

produced.

Another object of the invention was to find a way allowing
casy and low-cost production of said compounds and incor-
poration thereof 1n high amounts in liposomal membranes.

The object of the invention 1s accomplished by means of
sterol derivatives with an 1soelectric point of between 4.5 and
8.5, represented by the general formula

Amphoteric substance - Y- spacer -X- sterol,

wherein Y and X represent linking groups.

The object of the invention 1s accomplished by conjugating,
amphoteric groups to the 3-position of a sterol skeleton.
Depending on the amphoteric substance used, compounds are
obtained which undergo changes 1n their charge at a specific
pH value and allow incorporation thereof 1n liposomal mem-
branes 1n surprisingly high amounts. Ordinary and inexpen-
stve sterols or derivatives thereof can be used as starting
compounds.

Situated between the amphoteric substance and the sterol
skeleton are the molecule fragments: -Y-spacer -X. For
example, the spacer 1s a lower alkyl residue of linear structure,
which has from 0 to 8 C atoms and includes 2 ethylenically
unsaturated bonds. The spacer may comprise hydroxyl
groups to icrease the polarity of the molecule.

DETAILED DESCRIPTION

In the context with this invention, the following abbrevia-
tions will be used:

CHEMS Cholesterol hemisuccinate

PC Phosphatidyl choline

PE Phosphatidyl ethanolamine

PS Phosphatidyl serine

Hist-Chol Histidylcholesterol hemisuccinate

Among the membrane-forming or membrane-bound
groups of a biological bilayer membrane, the sterols are of
special interest because these compounds, 1n particular, are
available at low cost, involve ordinary chemistry, and allow
incorporation in membranes in high amounts without increas-
ing the permeability thereof or even completely destroying
their membrane character. However, 1n order to retain this
latter feature, 1t 1s 1mportant that substitution with a polar
molecule be at the 3-position of the sterol.
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The overall molecule assumes i1ts pH-dependent charge
characteristics by the simultaneous presence of cationic and
anionic groups in the “amphoteric substance” molecule por-
tion. More specifically, an amphoteric substance 1s character-
1zed by the fact that the sum of its charge components will be
precisely zero at a particular pH value. This point 1s referred
to as 1soelectric point. Above the pl the compound has a
negative charge, and below the pl 1t 1s to be regarded as a
positive cation, the pl of the compounds or sterol derivatives
according to the invention ranging between 4.5 and 8.5.

The overall charge of the molecule at a particular pH value
of the medium can be calculated as follows:

z=2ni((qi-D)+(10PEPE/(1+10@E=PHYY)

q1: absolute charge of the 1onic group below the pK thereof
(e.g. carboxyl=0, single-nitrogen base=1)

n1: number of such groups 1n the molecule

For example, a compound according to the mvention 1s
formed by coupling the amino group of histidine to choles-
terol hemisuccinate. At a neutral pH value of 7, the product
has a negative charge because the carboxyl function which 1s
present therein 1s 1n 1ts fully dissociated form, and the 1mida-
zole function only has low charge. At an acid pH value of
about 4, the situation 1s reversed: the carboxyl function now 1s
largely discharged, while the imidazole group 1s fully proto-
nated, and the overall charge of the molecule therefore 1s
positive.

In a preferred embodiment of the invention, the sterol
derivative has an 1soelectric point of between 5 and 7.

In another preferred embodiment of the invention, the
amphoteric substance has one or more cations with a pKa
value of between 4 and 8 and, at the same time, one or more
anmions with a pKa value of between 3 and 7. An advantageous
selection as to type and number of functional groups can be
made with reference to the above-mentioned formula.

In particular, 1t 1s convenient to use functional groups or
molecule fragments as charge carriers, which are in dissoci-
ated form 1n a pH range between 4 and 9. For example, these
include phosphoric acid groups, sultonic acid groups or other
strong anions. However, these also include primary, second-
ary or tertiary amino groups, unless mentioned above. These
include quaternary ammonium, amidinium, pyridinium, and
guanidino groups.

These fixed charges then can be overcompensated by the
variable charges described above. That 1s, the variable
charges are used 1n excess, for example. One advantage when
using fully dissociated groups is their strong polarity. Pre-
terred structural fragments from this group are sulfonic acids,
phosphoric acids, primary, secondary or tertiary amines,
ammonium compounds, guanidimum compounds, ami-
dinium compounds, or pyridinium compounds linked to the
molecule by one of the above-mentioned spacers and cou-
pling groups.

In a particularly preferred fashion, the amphoteric sub-
stances can be 1n the form of complete structural moieties. For
example, this 1s the case with o-, m- or p-aminobenzoic acids,
imidazolecarboxylic acid, imidazolediacetic acid, but also
nicotinic acid or picolinic acid. In particular, the amphoteric
substances can be composed of two charge carriers which
both change their charge 1n the above-mentioned pH range of
between 4 and 9. The simultaneously occurring loss of
anionic charge and gain of cationic charge results 1n a change
of charge 1n the overall molecule.

In another preferred embodiment of the invention, the cat-
ion comprises an 1imidazole, piperazine, morpholine, purine,
and/or pyrimidine. Other advantageous cations having this
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property essentially include all the other nitrogen bases. Par-
ticularly 1n those cases where the mitrogen bases are 1n the
form of a ring system, positional 1somers advantageously are
existing, wherein the linking spacer 1s substituted to various
positions of the organic cation. Conveniently, the pKa values
of the organic cation can be influenced via said positional
isomerism. The relevant fundamental rules are well-known to
those skilled in the art. Alternatively, these effects can be
estimated from tabular compilations (Handbook of Chemis-
try and Physics, Vol. 73, pp. 8-371l.). Coupling advanta-
geously results 1n amphiphilic organic cations, e.g. those
derived from the following classes of substances:

0-, m-, p-anilines; 2-, 3- or 4-substituted anisidines, toluidines
or phenetidines; 2-, 3-, 5-, 6-, 7- or 8-substituted benzimida-
zoles, 2-, 3-, 4- or S5-substituted imidazoles, 1- or 5-substi-
tuted 1soquinolines, 2-, 3- or 4-substituted morpholines, 2-, 3-
or 4-substituted picolines, 1-, 2- or 3-substituted piperazines,
2-, 5- or 6-modified pterines, 3-, 4-, 5-, 6- or 9-substituted
purines, 2- or 3-substituted pyrazines, 3- or 4-substituted
pyridazines, 2-, 3- or 4-modified pyridines, 2-, 4-, 5- or 6-sub-
stituted pyrimidines, 1-, 2-, 3-, 4-, 5-, 6- or 8-substituted
quinolines, 2-, 4- or S-substituted thiazoles, 2-, 4- or 6-sub-
stituted triazines, or derivatives of tyrosine. Particularly pre-
terred are the above-mentioned piperazines, imidazoles and
morpholines, purines or pyrimidines. Highly preferred are
molecule fragments such as occurring 1n biological systems,
1.€., for example: 4-1imidazoles (histamine, histidine itselt),
2-, 6- or 9-purines (adenine, guanine, adenosine, or gua-
nosine), 1-, 2- or 4-pyrimidines (uracil, thymine, cytosine,
uridine, thymidine, cytidine), or pyridine-3-carboxylic acids.
The above-mentioned structural fragments may also have
additional substituents. For example, these can be methyl,
cthyl, propyl, or 1sopropyl residues, more preferably 1n
hydroxylated form, including one or two hydroxyl groups.

Also, these can be hydroxyl or keto functions in the ring
system.

For example, nitrogen bases with preferred pKa values are
also formed by single or multiple substitution of the nitrogen
atom with lower alkanehydroxyls such as hydroxymethyl or
hydroxyethyl groups. Suitable organic bases from this group
are e.g. aminopropanediols, triethanolamines, tris(hy-
droxymethyl)methylamines,  bis(thydroxymethyl)methyl-
amines, tris(hydroxyethyl ) methylamines, bis(thydroxyethyl)-
methylamines, or the corresponding substituted ethylamines.

In another advantageous embodiment, the anionic charge
carriers are carboxyl groups. Naturally, any carboxylic acid
can be used as charge carrier. In particular, these include
aliphatic straight-chain or branched carboxylic acids with up
to 8 C atoms and O, 1 or 2 ethylenically unsaturated bonds.
Exemplary components of compounds are the carboxyl group
itself, acetic acid, bromoacetic acid, chloroacetic acid,
acetoacetic acid, propionic acid, acrylic acid, butyric acid,
crotonic acid, or higher carboxylic acids bound to the ali-
phatic chain, dicarboxylic acids such as oxalic acid, malonic
acid, succinic acid, maleic acid, fumaric acid, malic acid,
tartaric acid, glutaric acid, adipic acid, caprylic acid, pimelic
acid, suberic acid, cyclohexanedicarboxylic acid or cyclo-
pentanedicarboxylic acid, mono-esterified or amidated or
bound to the aliphatic chain, oligocarboxylic acids such as
citric acid, 1socitric acid or ethylenediaminetetraacetic acid,
mono-esterified or amidated or bound to the aliphatic chain.

Other advantageous components of compounds are gly-
colic acid, lactic acid, hydroxybutyric acid, malic acid, tar-
taric acid, aspartic acid, or glutamic acid, alanine, glycine,
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serine, threonine, asparagine, glutamine, proline, tyrosine, or
cysteine, or other amino acids or hydroxy acids bound to the
side chain via a heteroatom.

Carboxylic acids with suitable properties can also be found
as substituents of aromatic systems, €.g. as benzoic acid,
anisic acid, o-, m- or p-hydroxybenzoic acid, as dihydroxy-
benzoic acid, gallic acid, cinnamic acid, phenylacetic acid,
hippuric acid, phthalic acid, terephthalic acid, 2-, 3- or 4-py-
ridinecarboxylic acid, furancarboxylic acid. Other anionic
groups are dissociable hydroxyls or thiols, such as occurring
in ascorbic acid, N-substituted alloxan, N-substituted barbi-
turic acid, in veronal, phenol, or as a thiol group.

In a preferred embodiment of the invention, the amphoteric
substances are peptides including from 1 to 10 amino acids. In
another embodiment, particularly the amino acids histidine,
arginine, lysine, glutamic acid, or aspartic acid are used 1n a
particularly preferred fashion to form the amphoteric sub-
stance and determine the charge characteristics thereof. Other
preferred amino acids are glycine, serine, threonine,
glutamine, asparagine, but also cysteine, which contribute to
increase the polarity and thus enhance the solubility of the
amphoteric substance.

In a preferred embodiment of the invention, the sterols are
cholesterol, sitosterol, campesterol, desmosterol, fucosterol,
22-ketosterol, 20-hydroxysterol, stigmasterol, 22-hydroxyc-
holesterol, 25-hydroxycholesterol, lanosterol, 7-dehydroc-
holesterol,  dihydrocholesterol, 19-hydroxycholesterol,
Sa-cholest-7-en-33-0l, 7-hydroxycholesterol, epicholes-
terol, ergosterol, and/or dehydroergosterol, as well as other
related compounds. The sterols used with advantage as start-
ing materials may bear various groups in the 3-position
thereot, which groups conveniently allow for ready and stable
coupling or optionally assume the function of a spacer. Par-
ticularly suitable for direct coupling are the hydroxyl group
which 1s naturally present, but also, the chlorine of sterol
chlorides, or the amino group of sterolamines, or the thiol
group of thiocholesterol.

In a preferred embodiment of the mvention, the linking
group X comprises the structures —(C—0)—0—;
—(C=0)—NH—; —NH(C=0)—0— —(C=0)—
S—:; —0O— —NH— —S—; or —CH=—N—. Advanta-
geously, the linking group Y may correspond 1n its structure to
the group X, and may additionally comprise the structures

O—(0=—=C)—; S—(O0—C)—; —NH—(0=—C)—;

O—(0O—C)—NH—; or —N—CH—. For example, the Y
group can be omitted 1n those cases where the amphoteric
substance can be coupled directly to the sterol skeleton, e.g. 1n
the esterification of imidazole-4,5-dicarboxylic acid with
cholesterol.

In a preferred embodiment of the invention, the spacer 1s a
lower alkyl residue of linear, branched or cyclic structure,
which has from 0 to 8 C atoms and includes 0, 1 or 2 ethyl-
enically unsaturated bonds. The spacer may have hydroxyl
groups so as to increase the polarity of the molecule. In
particular, the spacer can be a sugar, and advantageously a
polyethylene glycol which may comprise up to 20 monomer
units.

Methods of performing such coupling reactions are well-
known to those skilled in the art and may vary depending on
the starting material and coupling component employed.
Typical reactions are esterification, amidation, addition of
amines to double bonds, etherification, or reductive amina-
tion.

Particularly preferred molecules can be produced by ami-
dation of cholesterol hemisuccinate, or by formation of a
carbamoyl from cholesterol chloroformate, and also by direct
esterification with cholesterol. Particularly preferred ampho-
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teric substances include, for example, the following com-
pounds 1n Table 1, wherein R, or R, represent the lipophilic
portion of the amphoteric sterol, and ( ), represents other
portions of the molecule 1n the sense of the above-defined
spacer.

TABL.

L1l

1

Histidine derivatives.

Coupling of the sterol preferably
proceeds via the amino group as R..
In this event, R 1s an anion and
canbee.g.Hora
hydroxycarboxylic acid or one or
more amino acids. Where coupling
proceeds via Ry, R, 1s an anionic
residue, e.g. a carboxylic acid or
dicarboxylic acid.

Piperazine derivatives.

Coupling of the sterol may proceed
via one of the ring atoms. In those
cases where the side chains are
hydroxycarboxylic acids or amino
acids, coupling may proceed with
advantage via these heteroatoms.

Morpholine derivatives.

Coupling of the sterol may proceed
via one of the ring atoms. In those
cases where the side chains are

N hydroxycarboxylic acids or amino
acids, coupling may proceed with
advantage via these heteroatoms.

(COOH—__ /0\

COOH

COOH

Derrvatives of Imidazole-4,5-d1-
acetic acid.
N Coupling of the sterol preferably

( \ proceeds as an ester via any of the

two acetic acid functions. The
NH

sterol may also be bound via the
3-amino function.

COOR,

(COOH

Piperidine derivatives.

Coupling of the sterol may proceed
via any of the ring atoms. In those
cases where the side chains are

N hydroxycarboxylic acids or amino
acids, coupling may proceed with
advantage via their heteroatoms.

COOH

Diaminobenzoic acid derivatives.
Coupling of the sterol preferably
proceeds via any of the two amino
groups. The second amino group can
be alkylated, for example, so as to
obtain a higher pKa value.

COOH

NH2 NH_RI

COOH

Nitrilotriacetic acid derivatives.
Amphoteric groups are also formed
by esterification of

nitrilotriacetic acid. In addition,
the charge properties of such
compounds can be modified by
complexing of metal i1omns.

rI\I\/COOR1

COOH

N-Alkylcarboxyamino acid
derivatives.

COOH

COOH S
OR,
( S

NH
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TABLE 1-continued

Amphoteric compounds are also
formed by coupling of sterols to

the terminal groups of N-acylamino
acids. Advantageously, the
structure can be derived from
serine, aspartic acid or glutamic
acid, or from lysine or ornithine.

Coupling of the aminodicarboxylic
acids not only can be at the

terminus, but also at the other

acid groups. In addition, the

charge properties of such compounds
can be modified by complexing of
metal ions.

EDTA derivatives.

Amphoteric groups are also formed
by esterification of
ethylenediaminetetraacetic acid. In
addition, the charge properties of
such compounds can be modified by
complexing of metal 1ons.

\"“‘*COORl

COOH

The 1nvention also relates to liposomes comprising the
sterol derivatives according to the invention. The compounds
of the mnvention can be incorporated in high amounts 1n lipo-
somal membranes, resulting 1n a positive charge of the overall
particle only when the pH value of the medium drops below
the 1soelectric point of the amphoteric substance. Liposomes
comprising the components of the mvention can be coated
with polymers under suitable conditions, where single or
multiple deposition of such substances on the surface 1s pos-
sible. In multiple deposition, optionally 1n the presence of
crosslinkers, liposomal nanocapsules are formed as described
in WO 00/28972 or WO 01/64330. One advantageous fact
when using the substances described herein is that the elec-
trostatic interaction with the polyelectrolyte can be inter-
rupted. As 1s well-known, the interaction of a polyelectrolyte
with charge carriers of the liposomal membrane may give rise
to demixing of membrane components and formation of lipid
clusters. In many cases, such demixing 1s accompamed by a
permeabilization of the liposomes. The substances of the
invention allow for elimination of this interaction following
the coating process. When increasing the pH value at this
point, the liposomes will be entrapped 1n the nanocapsules
merely 1n a steric fashion, and interaction between the mem-
brane and polyelectrolytes does no longer exist. In this way,
cluster formation of lipids and associated permeabilization of
the membrane can be circumvented.

Surprisingly, 1t has been found that liposomes including the
substances of the invention in the membrane thereot readily
undergo fusion with other membranes, particularly cell mem-
branes, below the 1soelectric point of the substance. In gen-
eral, this step requires the presence of a larger amount of PE
in the membrane. As a result of 1ts tendency of forming
hexagonal phases, said PE assumes the function of a helper
lipid. However, the inferior stability of such membranes is
disadvantageous, and gradual release of entrapped active sub-
stances 1s frequently observed.

Advantageously, liposomes produced using the substances
according to the ivention undergo effective fusion in the
absence of helper lipids. Thus, when using the substances of
the mvention, 1t 1s possible to produce liposomes which are
capable of stably encapsulating an active substance, but
undergo fusion with cell membranes under the conditions of
low pH values to release the active substance there.
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This combination of two properties 1s an important precon-
dition for the incorporation of cargo molecules 1n cells. In
fusion of liposomes with cell envelopes or components, the
aqueous volumes of both partners combine, with no opening
of the membrane structures to the medium taking place. As a
result, uncontrolled influx or efflux of other substances i1s
avoided.

In a preferred embodiment of the invention, the amount of
sterol dervative 1s 50 mole-% at maximum. Compositions
comprising at least 2 mole-% of sterol derivatives, but 50
mole-% at maximum, are particularly advantageous. Compo-
sitions comprising at least 10 mole-% of sterol dertvatives and
40 mole-% at maximum are also preferred. The production of
liposomes comprising the substances of the mvention pro-
ceeds according to techniques well-known to those skilled 1n
the art.

In another preferred embodiment of the invention, the lipo-
somes comprise phosphatidyl choline, phosphatidyl ethano-
lamine, diacylglycerol, tetracther lipid, and/or PEG lipid.
Cholesterols themselves are incapable of forming liposomes,
and therefore, addition of further lipid 1s advantageous. This
lipid can be any phospholipid. Obviously, this lipid can also
be a ceramide or sphingolipid. It may be convenient to modify
the lipid with polyethylene glycol in the polar portion thereof.

In a preferred embodiment of the invention, the liposomes
have an average size of between 50 and 1000 nm, preferably

between 50 and 300 nm, and more preferably between 60 and
130 nm.

Conveniently, active substances are enclosed 1n the lipo-
somes, which active substances can be used e.g. 1n cancer
therapy and 1n the therapy of severe infections. To this end,
liposome dispersions can be injected, imnfused or implanted.
Thereatter, they are distributed in the blood or lymph or
release their active substance i a controlled fashion as a
depot. The latter can be achieved by highly concentrated
dispersions 1n the form of gels. The liposomes can also be
used for topical application on the skin. In particular, they
may contribute to improved penetration of various active
substances 1nto the skin or even passage through the skin and
into the body. Furthermore, the liposomes can also be used 1n
gene transier. Due to 1ts size and charge, genetic material 1s
usually incapable of entering cells without an aid. For this
purpose, suitable carriers such as liposomes or lipid com-
plexes are required which, together with the DNA, are to be
taken up by the respective cells 1n an efficient and well-
directed fashion. To this end, cell-inherent transport mecha-
nisms such as endocytosis are used. Obviously, the liposomes
of the invention can also be used as model membranes. In
their principal structure, liposomes are highly similar to cell
membranes. Therefore, they can be used as membrane mod-
cls to quantify the permeation rate of active substances
through membranes or the membrane binding of active sub-
stances. More advantageously, the active substance 1s a pro-
tein, a peptide, a DNA, RNA, an antisense nucleotide, and/or
a decoy nucleotide.

In another preferred embodiment of the mnvention, at least
80% of the active substance 1s entrapped 1n the liposomes. If
necessary, non-incorporated cargo molecules adhering on the
outside can be removed by simply increasing the pH value.
This step 1s necessary 1n all those cases where non-incorpo-
rated cargo molecules would give rise to aggregation of the
liposomes. One advantageous fact when using the compo-
nents of the mvention 1s that the entrapped active substances
must be maintained under conditions allowing interaction
with the lipid layer only during the period of actual enclosure.
Once the lipid layer remains closed in 1tself, it 1s possible to
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change to other conditions. Thereby, possible inactivation of
active substances, particularly of proteins, can be minimized.

The invention also relates to methods of loading liposomes
with active substances, using a binding pH value for encap-
sulation and a second pH value to remove unbound active
substances.

Furthermore, the mvention relates to a method of loading
liposomes with active substances, wherein the liposomes are
made permeable at a specific pH value and subsequently
sealed. In particular, changes in permeability preferably can
be used 1n a well-directed fashion in loading liposomes. To
this end, an active substance to be enclosed can be added to a
medium under conditions of high permeability, followed by
adjusting conditions of low permeability. In this way, the
active substance will remain inside the liposomes. Thereafter,
non-entrapped active substance can be removed, 11 necessary.
Such changes in permeability can be induced on liposomes or
on liposomal nanocapsules.

The mvention also relates to the use of the liposomes in
diagnostics and 1n release systems. Obviously, the liposomes
can also be used in a detection system. In particular, the
liposomes can be loaded with metal 1ons whose fluorescence
1s enhanced by chelate formation, 1.e., terbium or europium
ions, for example. Liposomes for such uses may of course
include components determimng the specificity, 1.e., antibod-
1es, lectins, selectins, receptors, or hormones, or RNA aptam-
ers. In a particularly preferred embodiment of the use accord-
ing to the invention, the presence of these metal 1ons 1s
restricted to the volume of the liposomes so as to avoid non-
specific signals from slowly released metal 10ns adhering on
the outside. It 1s also convenient to use the liposomes 1n the
production of nanocapsules. The liposomes can be used with
advantage in the production of release systems 1n diagnostics.
The use for transport and/or release of active substances 1s
also convenient. Advantageously, the liposomes can be used
as depot formulation and/or as circulative depot. The use of
the liposomes as a vector to transiect cells 1 vivo, 1n vitro
and/or ex vivo 1s also advantageous. For example, the lipo-
somes can be used 1n mtravenous and/or peritoneal applica-
tion.

The sterol derivatives and liposomes according to the
invention nvolve several advantages. Surprisingly, i1t has
been determined that the permeability of the inventive lipo-
somes depends on the pH value and thus, on the state of
charge of the sterol dervative. When using Hist-Chol, for
example, the liposomes comprising a phosphatidyl ethanola-
mine are made permeable at a pH value of from 5 to 6 1n such
a way that entrapped active substances or markers will diffuse
out within minutes to hours. In other pH ranges, however,
these membranes themselves are stable, showing low 1nitial
permeability. Liposomes using the structures according to the
invention are therefore particularly suited to construct release
systems wherein release of active substances 1s to proceed 1n
dependence on the pH value of the medium. Surprisingly, 1t
has also been found that amounts of proteins or DNA above
average can be enclosed 1 liposomes including sterol deriva-
tives 1n the membranes thereof. The efficiency of such incor-
poration depends on the pH value of the solution employed.
Therefore, a process for efficient encapsulation of proteins or
DNA 1n liposomes can be performed by initially adjusting a
pH value that would result in good binding of the cargo
molecules to the lipid layer. With DNA as polyanion, low pH
values of about 4 to 5 are used. With proteins, a useiul pH
value will depend on the 1soelectric point of the protein,
which should be below the 1soelectric point of the substance
according to the imvention. Encapsulation is particularly
elifective when the pH value of the medium 1s selected so as to
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range between the isoelectric point of the protein and the
1soelectric point of the sterol dertvative. The protein then will
have a negative and the lipid layer a positive charge.

Surprisingly, 1t has also been found that liposomes 1nclud-
ing e.g. Hist-Chol 1n the membranes thereof are capable of
chelating metal 1ons. This property results 1n an increase of
the positive charge of the liposome. This effect 1s observed to
be particularly strong at neutral pH values, because the inher-
ent charge of the compound 1s low 1n this case. Owing to their
chelating properties, such liposomes can be used 1n biochemi-
cal diagnostics and in pharmaceutical therapy.

One essential precondition for the use of liposomes for
experimental or therapeutic purposes 1s their compatibility
with cells and tissues. A number of well-known compounds
used to incorporate DNA or proteins 1n cells (for example, the
cationic lipid DOTAP) are cytotoxic. Surprisingly, it has been
found that some of the compounds of the mvention exhibit
reduced cytotoxicity. In particular, this applies to that group
of compounds wherein the amphoteric substance 1s an amino
acid or a peptide. These compounds therefore satisty one of
the preconditions of a transfection system.

Another precondition for the construction of vectors to be
used 1n gene or protein transport mnto cells 1s their compat-
ibility with serum or blood. Due to their strong cationic
charge, vectors known at present form uncontrollable large
aggregates, resulting in formation of thrombi in the organism.
Theitr use in vivo 1s therefore practically impossible and 1s
restricted to 1n vitro or ex vivo applications. Surprisingly, 1t
has been found that liposomes constructed using the compo-
nents of the invention do not form any aggregates in serum or
blood. In particular, these are liposomes having an 1soelectric
point below 7.5.

Another precondition for the construction of vectors to be
used 1n protein or gene transier 1s their stability under physi-
ological conditions. Upon application into the blood circula-
tion, liposomes are attacked by components of the comple-
ment system and undergo rapid lysis. This reaction proceeds
within minutes. As a result, pores are formed in the mem-
brane, which allow even large molecules such as proteins to
diffuse out therethrough. At present, stabilization of lipo-
somes with respect to this mechanism 1s only possible by
incorporating cholesterol 1n the lipid layer. While such lipo-
somes are highly stable, they are no longer able to interact
with cells or readily release their active substance. Surpris-
ingly, it has been found that liposomes constructed using the
components of the imnvention can be stable 1n serum or blood
for several hours. Even under such conditions, the release of
active substance 1s low. A liposomal vector for the transport of
active substances must satisiy at least three preconditions: 1t
must have low toxicity, entrap the active substance firmly and
stably, and be compatible with serum or blood.

Advantageously, all of these three preconditions are satis-
fied by liposomes produced using selected substances accord-
ing to the invention. The liposomes are therefore well suited
for therapeutic uses. Other properties supporting such uses
are good loadability with active substances and well-directed
removal of these substances by changing the pH value or by
permeabilization of the membrane. Liposomes produced
using the substances of the mvention show low non-specific
binding to cell surfaces. It 1s this low non-specific binding
which 1s an essential precondition for achieving specific bind-
ing to target cells. Target control of the vehicles 1s obtained
when providing the above-described liposomes with addi-
tional ligands. As a result, the active substance can be accu-
mulated specifically 1n such cells or tissues which exhibit a
pathological condition.
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One important use of the substances according to the
invention 1s therefore 1n the construction of vectors for trans-
fer of active substances in living organisms. The vectors are
particularly suited for the transport of therapeutic macromol-
ecules such as proteins or DNA which themselves are 1nca-
pable of penetrating the cell membrane or undergo rapid
degradation in the bloodstream.

Without intending to be limiting, the invention will be
explained in more detail with reference to the following
examples.

EXAMPLE 1

Synthesis of Cholesteryl-L-histidyl Succinate
(Hist-Chol)

Step I, activation of cholesteryl hemisuccinate: Dicyclo-
hexylcarbodiimide (11.3 mmol; 2.3 g) and 40 ml of THF are
placed 1n a 100 ml flask and cooled to -10° C. Cholesterol
hemisuccinate (10.3 mmol; 5 g) and N-hydroxysuccinimide
(11.3 mmol; 1.3 g) are added. The mixture 1s allowed to thaw
to RT and stirred for 5 hours. Subsequently, the precipitate
having formed (urea) 1s removed, the filtrate 1s concentrated,
and the residue 1s recrystallized from ethyl acetate. Colorless
needles, m.p.: 145-146° C., 93%.

Step 11, cholesteryl-L-histidyl succinate: the activated ester
(5.1 mmol; 3 g; step 1) 1s placed in 40 ml of DMF. Sodium
hydrogen carbonate (7.6 mmol; 0,6 g) and histidine (7.6
mmol; 1,2 g) are dissolved 1n 10 ml of water. This solution 1s
added slowly and dropwise to the DMF suspension. This 1s
stirred for 20 hours and subsequently adjusted to pH 4-5 using
2N HCI. The reaction mixture 1s then concentrated to dryness,
and the product 1s extracted with hot ethanol. Following

removal of the ethanol, the product 1s obtained 1n pure form.
Colorless solid, 78%.

EXAMPLE 2

Preparation of Amphoteric Liposomes

5> mg of Hist-Chol and 9.8 mg of POPC are dissolved 1n 4
ml of chloroform/methanol (1:1 v/v) and dried completely in

a rotary evaporator. The lipid film 1s hydrated with 4.3 ml of

a corresponding buifer (10 mM Kac, 10 mM HEPES, 150
mM NaCl, pH 7.5) at a lipid concentration of 5 mM using
ultrasonic treatment for 5 minutes. Finally, the suspension 1s
frozen and, following thawing, subjected to multiple extru-
sions (Avestine LiposoFast, polycarbonate filter, pore width
200 nm). The profile of the zeta potential in mV at various pH
values 1s 1llustrated 1n Table 2 below.

TABLE 2
pH value 0 mM NaCl 100 mM NaCl
4.0 +42 -20
5.0 +28 +2
6.0 -5 -6
7.0 -32 -15
8.0 -45 -25
EXAMPLE 3
Permeability

Lipid films having the composition DMPE/Hist-Chol
60:40 mole- % were prepared 1n an analogous fashion as 1n
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Example 2 and hydrated using 100 mM 6-carboxyiluoresce-
ine (CF), 50 mM NaCl, HEPES 10 mM, pH 8, so as to make
a lipid concentration of 25 mM. Non-entrapped CF was
removed by gel filtration. For pH- and time-dependent per-
meability measurements, the liposomes were diluted to 0.2
mM 1n butler of the respective pH, and the fluorescence was
measured after 30 and 60 minutes, respectively. Thereaftter,
the temperature was raised to 37° C., and measurement was
cifected at the same time intervals (30, 60 min). Subse-
quently, the temperature was raised to 60° C. and again,
measurement was effected after 30 and 60 minutes. The per-
cent release of CF 1s summarized in Table 3 below. Perme-
abilization 1s clearly seen at pH 6.5, a value very close to the
1soelectric point of Hist-Chol. The membranes are surpris-
ingly stable above and below this pH value.

TABLE 3

30mm 60mun 30mm 60 min

Omin 30mm 60min (37°C.) (37°C.) (60°C.) (60°C.)
pH 8.0 29% 29% 28% 30% 30% 36% 41%
pH 7.0 32% 36% 46% 399% 449% 52% 60%
pH 6.5 53% 70% 81% 110% 132% 185% 180%
pH 6.0 29% 25% 26% 26% 27% 30% 339%
pH 5.5 28% 26% 27% 26% 27% 30% 32%
pH 5.0 39% 41% 439, 529% 61% 0R% 115%

EXAMPLE 4

Binding of DNA to Amphoteric Liposomes

For DNA binding, the liposomes comprised of POPC/Hist-
Chol 60:40 (mole- %), prepared in Kac'"HEP'“NaCl'*°, pH
8, according to Example 2, were diluted to 0.2 mM with the
builer to be mvestigated. DNA (herring DNA, 1 mg/ml stan-
dard solution in water) was supplied in appropriate amounts.
Subsequently, 0.2 mM liposomes (1 ml) were added. The
mixture was rapidly mixed and after 15 minutes, the particle
s1ze and zeta potential were determined by dynamic light
scattering. With properly selected amount of DNA, the par-
ticle size remains nearly unchanged.

At pH values o1 7 and 8, where the POPC/Hist-Chol 60:40
liposomes have a negative charge, no change 1n size or zeta
potential could be seen, thus excluding binding of DNA. At
pH 4 and 5, the liposomes have a strong positive charge, and
DNA binding results in charge exchange of the particles. At
pH 6, the liposomes have only weak charge, and a strong
negative charge upon addition of DNA. A considerably higher
amount of DNA must be added to obtain charge exchange.
The zeta potentials and the associated amounts of adsorbed
DNA are summarized in Table 4 below:

TABLE 4
Zeta Adsorbed
potential amount of DNA
pH value DNA (mV) without/with (Lg/mg lipid)
4 41.3 -37.7 15
5 19.6 -44.7 15
6 -4.2 -36.7 40
7 -36.8 -35 —
8 -52.2 -52.9 —

As can also be deduced from the binding characteristics,
removal of non-entrapped DNA adhering on the outside can
be achieved by increasing the pH.
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EXAMPLE 5

Stability in Human Serum

Liposomes ol composition POPC/Hist-Chol 60:40 were
prepared as a 5 mM suspension in analogy to Example 2. The
serum test was carried out as a dilution series. Varying
amounts of liposomes (50-250 ul) were incubated with an
equal volume of human serum (250 ul) for 5 minutes at 37° C.
(in each case, the total volume was adjusted to 500 ul by
addition of 150 mM NacCl). To measure the particle size by
means of dynamic light scattering, the mixture was then
diluted 1:9 with butfer (KAc10 Hep10 NaCl100; pH 8). The
data are summarized in the Table below. The measured par-
ticle size approaches the serum value with increasing concen-
tration of the serum. Formation of large aggregates (>1 um)
was not observed (Table 5).

TABLE 3
Sample
250 pl of serum + x pl Particle size

of liposomes (nm) Polydispersity

250 94 0.574

125 89 0.584

50 81 0.589

Serum only 70 0.613

Liposomes only 119 0.155

EXAMPLE 6

Pharmacokinetics 1n Blood

500 ul of liposomes comprised of POPC/Chol and POPC/
Hist-Chol were administered to male Wistar rats by 1njection
into the tail vein.

50 mM liposome suspensions were prepared by hydrating

a lipid film of the respective formulation (addition of 0.03
mole-% of '*C-DPPC) with 2 ml of a solution of 1 mg of

*H-inulin in HEPES 10 mM, NaCl 150 mM, pH 8. Following
3 freeze/thaw cycles, the suspensions were extruded several
times through a 400 nm membrane (LiposoFast, Avestin).
Removal of non-entrapped “H-inulin was effected by gel
filtration over a G-735 Sephadex column and subsequent con-
centrating over CENTRIPREP (Millipore) centrifugation
units. 0.5 ml of liposome suspension was administered to four
test animals per formulation, and blood samples were taken
after 5 min, 15 min, 60 min, 3 hours, 12 hours, 24 hours.
About 50 to 100 mg of the blood samples were dissolved 1n 1
ml of SOLVABLE tissue dissolver (PACKARD) at 50° C. for
1-3 hours and subsequently decolorized with 0.1-0.5 ml of a
30% hydrogen peroxide solution. Thereafter, 10 ml of scin-
tillator was added, and the activity of °H and '*C was mea-
sured. No direct toxic effects of the compounds could be
detected.
Halt-life of elimination from blood:

=120 muin
=90 min

POPC/Chol
POPC/Hist-Chol

The invention claimed is:
1. A sterol derivative according to formula (1):

(1),

Amphoteric substance - Y- spacer -X- sterol

wherein:
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said amphoteric substance comprises a {irst portion having
a cationic charge with a pKa value between about 4 and
about 8.5 and a second portion of anionic charge with a
pKa value between about 3 and about 7;

said first portion of said amphoteric substance 1s selected
from the group consisting of piperazines, imidazoles,
morpholines, purines, and pyrimidines;

said second portion of said amphoteric substance com-

prises a carboxyl group;
said spacer 1s a linear or branched C,_; alkyl comprising
0-2 ethylenically unsaturated bonds;

said linking group X 1s selected from the group consisting
of —(C=0)—0— —(C=0)—NH— and —NH—
(C=0)—0—;

said linking group Y 1s selected from the group consisting
of —O0—(C=0), —NH—(C=0), —(C=0)—0—
and —(C—0)—NH—;

said sterol 1s selected from the group consisting of choles-

terol, sitosterol, campesterol, desmosterol, fucosterol,
22-ketosterol, 20-hydroxysterol, stigmasterol, 22-hy-
droxycholesterol, 25 -hydroxycholesterol, lanosterol,
7-dehydrocholesterol, dihydrocholesterol, 19-hydroxy-
cholesterol, 5a-cholest-7-en-3(3-0l, 7-hydroxycholes-
terol, epicholesterol, ergosterol, and dehydroergosterol;
and

said sterol derivative has an 1soelectric point between about

4.5 and about 8.5.

2. The sterol dervative according to claim 1 wherein said
amphoteric substance comprises 1-3 portions of cationic
charge and 1-3 portions of anionic charge.

3. The sterol derivative according to claim 1 wherein said
sterol derivative has an 1soelectric point between about 5 and
about 7.

4. The sterol derivative according to claim 1 wherein said
amphoteric substance comprises a peptide of 1-10 amino
acids, wherein said peptide comprises as a charge carrier one
or more amino acids selected from the group consisting of
histidine, arginine, lysine, glutamic acid, and aspartic acid.

5. The sterol dermvative according to claim 4 wherein the
sum of glutamic acid and aspartic acid amino acids of said
peptide 1s greater than the sum of arginine, lysine, and histi-
dine amino acids of said peptide.

6. The sterol derivative according to claim 4 wherein said
peptide comprises solely histidine as cationic amino acid, and
wherein the sum of glutamic acid amino acids and aspartic
acid amino acids 1s greater than or equal to the number of
histidine amino acids.

7. A liposome comprising the sterol derivative of claim 1.

8. The liposome according to claim 7 wherein said lipo-
some comprises less than about 50 mole- % of sterol deriva-
tive.

9. The liposome according to claim 8 wherein said lipo-
some comprises between about 2 mole- % and about 50 mole-
% of sterol derivative.

10. The liposome according to claim 9 wherein said lipo-
some comprises between about 10 mole- % and about 40
mole- % of sterol derivative.

11. The liposome according to claim 7, wherein the lipo-
some comprises one or more lipids selected from the group
consisting of phosphatidyl choline, phosphatidyl ethanola-
mine, diacylglycerol, tetracther lipid, and PEG lipad.

12. The liposome according to claim 7 wherein said lipo-
some has an average size of between about 50 and about 1000
nm.

13. The liposome according to claim 12 wherein said lipo-
some has an average size of between about 50 and about 300
nm.
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14. The liposome according to claim 13 wherein said lipo-
some has an average size ol between about 60 and about 130
nm.

15. The liposome according to claim 7 wherein said lipo-
some further comprises an active substance.

16. The liposome according to claim 15 wherein said active
substance 1s selected from the group consisting of a protein, a
peptide, a DNA, an RNA, an antisense nucleotide, a decoy
nucleotide, and a mixture thereof.

17. The liposome according to claim 15 wherein at least
about 80% of said active substance 1s entrapped inside the
liposome.

18. A method of loading the liposome according to claim
15 with said active substance, said method comprising:

encapsulating said active substance 1n said liposome at a
binding pH value; and

removing unbound active substances at a second pH value.
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19. A method of loading the liposome according to claim 8
with an active substance, said method comprising;:

permeabilizing said liposome by treatment at a pH value

suilicient to enable loading of said active substance, and
sealing said liposome.

20. A method for the transport and release of an active
substance 1n a subject, said method comprising administering,
to said subject the liposome of claim 15.

21. The method of claim 20, wherein said administration 1s
intravenous or peritoneal.

22. A depot formulation or circulative depot comprising,
the liposome of claim 7.

23. A nanocapsule prepared from the liposome of claim 7.

24. A vector for transfecting cells 1n vivo, i vitro or at vivo,
said vector comprising the liposome of claim 7 and a nucleic
acid.



	Front Page
	Specification
	Claims

